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The  WIND-HAARP-HIPAS 

I 

Interferometer  Experiment 


1.  Introduction 

The  high  latitude  auroral  region  is  known  to  have  a  wide  range  of  scales  of  electron  density 
structures  resulting  from  plasma  instabilities  [Keskinen  and  Ossakow,  1983;  Rodriguez  and 
Szuszczewicz,  1984;  Tsunoda,  1988;  Keskinen  and  Rodriguez,  1998]  driven  by  convective 
electric  fields,  field-aligned  currents,  and  several  other  mechanisms.  Scientific  interest  in  these 
plasma  structures  is  partly  motivated  by  practical  considerations  such  as  fading  of  high 
frequency  (HF)  communications.  During  periods  of  intense  geomagnetic  activity,  such  effects  can 
be  significant  [Weber  et  al.,  1986].  The  broader  problem  of  coupling  between  magnetospheric  and 
ionospheric  structures  also  is  related  to  the  presence  of  the  large-scale  drivers  of  geomagnetic 
disturbances,  such  as  the  solar  wind.  The  continuing  study  of  plasma  structures  over  various 
altitude  ranges  will  benefit  from  new  diagnostics  made  possible  by  high  power  radio  waves. 
Recently,  we  have  reported  [Rodriguez  et  al.,  1998]  on  initial  experiments  conducted  with  the  HF 
Active  Auroral  Research  Program  (HAARP)  near  Gakona,  Alaska,  a  joint  Air  Force/Navy  project 
developing  a  new  ionospheric  diagnostic  facility  at  high  latitudes.  In  this  report,  we  discuss  an 
experiment  that  included  the  High  Power  Auroral  Simulation  (HIP AS)  facility  near  Fairbanks, 
Alaska  in  bistatic  configuration  to  form  interference  fringes  at  high  altitudes.  The  scientific 
motivation  is  that  the  fringe  pattern  corresponds  to  smaller  size  “beamlets,”  that  may  stimulate 
or  scatter  from  smaller  scale  density  structures  than  would  the  main  beam  alone.  We  believe  this 
is  the  first  such  experiment  conducted. 

2.  Experiment  Facilities 

We  briefly  review  the  parameters  of  HAARP,  HIPAS,  and  WINDAVAVES.  The  HAARP 
antenna  array  is  still  under  construction;  in  om  experiment  16  antennas  were  used  with  32 
transmitters  (2  per  antenna)  to  provide  a  total  power  of  about  320  kW  and  effective  radiated 
power  (ERP)  of  about  4  MW.  When  completed  (180  antennas),  HAARP  is  designed  to  provide 
ERPs  up  to  about  4  GW.  The  transmitting  array  is  electronically  steerable  within  30°  of  the 
zenith,  covering  frequencies  of  transmission  from  2.8  to  10  MHz.  HIPAS  consists  of  8  cross- 
polarized  dipoles  operating  at  two  frequencies,  2.85  and  4.53  MHz,  with  maximum  power  of 
about  800  kW.  HIPAS  pre-dates  HAARP  and  has  been  used  in  many  experiments  involving  high 
power  wave  interactions  at  amoral  latitudes  [Wong  et  al.,  1990].  The  WAVES  HF  receiver 
[Bougeret  et  al.,  1995;  Kaiser  et  al,  1996]  includes  a  stepped  frequency  receiver  covering  256 
frequencies  from  1.075  MHz  to  13.825  MHz,  in  50-kHz  intervals,  with  20-kHz  bandwidth,  and 
a  detection  threshold  of  ~7  nvolWHz.  The  cycle  time  of  the  receiver  is  16.192  seconds,  with  the 
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effective  dwell  time  per  frequency  being  63  ms.  For  our  experiment,  the  WAVES  receiver  was 
switched  from  its  256-step  mode  to  a  1-step  mode  so  as  to  sample  the  frequency  of  HAARP  and 
HIPAS  transmissions  at  maximum  rate.  The  spin  axis  antenna,  an  11 -meter  tip-to-tip  length 
dipole,  was  used  for  reception. 

3.  Experiment  Configuration 

The  HAARP  and  HIPAS  sites  are  separated  by  289  km.  In  order  to  form  an  interference  pattern 
over  that  baseline,  the  basic  requirement  is  that  both  HAARP  and  HIPAS  transmit  the  same 
frequency  and  maintain  the  same  relative  phase  between  the  two  transmissions.  Although  the 
phases  of  the  transmitted  frequency  cannot  be  locked  together,  the  phase  at  each  site  is  very 
stable,  changing  by  no  more  than  1  part  in  several  million,  over  periods  of  an  hour  or  more.  Thus, 
whatever  intrinsic  phase  exists  when  the  transmitters  are  turned  on  can  be  maintained  for  time 
periods  exceeding  the  duration  of  the  experiment.  Therefore,  we  need  have  no  knowledge  of  the 
exact  phase  difference  between  HAARP  and  HIPAS,  only  that  the  difference  is  stable  for  the 
duration  of  the  experiment.  Because  HIPAS  operates  in  only  two  frequency  bands,  we  chose  the 
frequency  of  4525  kHz  as  the  operating  frequency;  both  HAARP  and  HIPAS  can  tune  to  this 
frequency  and  it  corresponds  to  one  of  the  WAVES  receiver  channels.  For  the  nightime 
experiment,  4525  kHz  was  also  expected  to  be  well-above  the  ionospheric  critical  frequency.  A 
practical  requirement  is  that  both  sites  radiate  approximately  the  same  power  so  that  interference 
nulls  are  small.  This  enhances  detectability  of  the  fringe  pattern  because  the  ratio  of  interference 
maximum  to  minimum  is  large.  For  our  experiment,  the  HIPAS  power  was  reduced  to  about  400 
kW  in  order  to  remain  approximately  equal  to  the  maximum  HAARP  power  then  available,  about 
300  kW.  Thus,  the  basic  conditions  required  to  form  an  interference  pattern  were  satisfied,  and 
the  experimental  setup  resembled  the  classic  Young's  two-slit  experiment. 

Figure  1  shows  the  orbit  trajectory  of  WIND  for  the  period  30  December  1996  to  1  January 
1997,  in  solar  ecliptic  coordinates.  The  start  and  stop  times  of  several  different  experiments 
conducted  are  indicated.  In  this  report,  we  discuss  results  only  from  the  third  experiment,  of  3 1 
December  1996  between  Universal  Times  (UT)  of  0700-0800,  when  WIND  was  in  night  side  of 
the  earth  at  about  25  Rg.  As  seen  from  the  transmitter  sites,  WIND  was  located  at  zenith  angle  of 
40°  and  azimuth  of  145°.  The  orbit  phase  of  Figure  1  oecurred  about  6  weeks  after  the  initial 
experiments  reported  in  Rodriguez  et  al.  [1998].  The  campaign  also  included  experiments  with 
the  Russian  Sura  transmitter,  which  we  do  not  discuss  in  this  report.  Also  shown  are  model  plots 
of  the  plasmapause,  magnetpause,  and  bow  shock,  to  provide  a  geometric  perspective  of  the 
experiments. 

In  Figure  2  we  show  the  modulation  timeline  of  transmitted  power  at  4525  kHz  from  each  site, 
relative  to  the  start  of  the  experiment.  The  vertical  axis  is  an  offset  scale;  each  timeline  has  a  zero 
base  representing  the  OFF  state  and  an  upper  level  representing  the  ON  state.  HAARP  (upper 
timeline)  was  scheduled  to  turn  on  first,  using  an  30-sec  ON-OFF  amplitude  modulation  for  the 
first  5  minutes.  This  pattern  provides  a  signature  to  allow  recognition  of  the  transmitted  waves  in 
the  WAVES  measurements.  HAARP  then  switched  to  a  continuous  wave  (CW)  ON  mode  for  the 
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next  45  minutes.  At  the  50-min  point,  HAARP  was  scheduled  to  turn  OFF.  The  HIP  AS 
transmitter  (middle  timeline)  was  scheduled  to  turn  ON  in  CW  mode  at  the  10-min  point  and 
remain  ON  until  the  55-min  point.  In  the  last  5  minutes  of  the  experiment  (with  HAARP  in  the 
OFF  state)  the  HIP  AS  transmitter  was  amplitude  modulated  with  30-sec  ON-OFF  pattern. 
Between  the  10-min  and  50-min  points,  both  HAARP  and  HIP  AS  radiate  in  CW  mode.  We  thus 
expect  that  interference  fringes  would  occur  in  the  10-  to  50-min  interval,  when  both  sites  were 
transmitting  in  CW  mode.  Also,  we  would  expect  to  detect  an  increase  in  power  level  when  both 
sites  are  transmitting  simultaneously. 

4.  Experimental  Results 

In  Figure  3,  we  show  measurements  of  the  WAVES  receiver  at  4525  kHz,  at  maximum  rate  of 
0.06325  s  between  samples,  for  the  1-hour  interval  of  the  experiment.  Wave  amplitudes  are  in 
calibrated  voltage  spectral  density.  In  the  first  and  last  5-min  intervals  of  the  data  plot,  we  can 
recognize  the  pattern  of  30-sec  ON-OFF  modulations  of  HAARP  and  HIP  AS.  The  presence  of 
fairly  strong  amplitude  fluctuations  throughout  the  entire  hour  is  similar  to  observations  reported 
in  the  inital  WIND-HAARP  experiment.  On  the  scale  of  the  plot,  these  amplitude  fluctuations 
are  almost  noise-like.  However,  they  are  not  noise  fluctuations,  as  can  be  seen  by  comparing  with 
the  true  noise  level  sampled  during  the  OFF  periods  of  the  data  plot. 

We  calculate  the  expected  fiinge  pattern  at  WIND  using  the  standard  formula  for  fnnge  intensity 
[Jenkins  and  White,  1976] 


If  -  cos2[(7tD/A.)sin  6] 

where  D  is  the  baseline  separation  of  the  two  transmitters,  X  is  the  operating  wavelength,  and  0 
is  the  direction  angle  of  WIND  with  respect  to  the  baseline.  For  our  configuration,  D  =  289  km, 
X  =  66.3  meters,  and  0  -  45°.  The  angular  fnnge  width  (from  one  null  to  the  next)  is  given 
approximately  by  A  -  XTD  -  0.013°.  At  the  distance  R  (-22.6  Rg)  of  WIND  from  the  transmitter 
sites  the  fringe  spacing  becomes  about  L  -  R  A  -  33  km.  The  relative  velocity  between  the  earth 
and  WIND  results  in  a  sweeping  of  the  antenna  pattern  (and  the  expected  fiinge  pattern)  past  the 
satellite,  at  a  relative  angular  rate  of  about  15.5°  hr*.  Based  on  these  estimates,  we  would  expect 
that  a  33-km  structure  would  occupy  about  3.7  sec  of  the  WAVES  data,  or  about  60  samples. 
Examining  the  WAVES  data  in  detail  during  the  time  interval  UT  0710  to  0750,  we  find  evidence 
of  the  expected  fringe  pattern. 

In  Figure  4,  the  upper  plot  shows  the  calculated  time  variation  of  the  fringe  intensity  If,  resulting 
from  the  sweep  of  the  fiinge  pattern  past  the  WIND  spacecraft  at  the  relative  rate  of  15.5°  hr  i. 
Below  the  calculated  plot  is  32  seconds  of  the  data  obtained  in  the  time  interval  UT  0724:00  to 
UT  0724:32.  The  amplitude  scales  of  the  plots  are  offset  for  display  purposes.  The  quasi- 
oscillatory  variation  of  signal  amplitude  at  4525  kHz  appears  to  be  consistent  with  the  calculated 
fiinge  pattern.  Smaller  scale  amplitude  fluctuations  are  also  present  in  the  data.  Other  intervals  of 
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the  data  between  UT  0710  and  0750  exhibit  the  same  fringe-like  variations.  It  is  apparent  that  the 
clarity  of  fringes  varies  and  some  positional  drift  may  occur,  however,  the  basic  fringe  pattern  can 
be  seen..  The  impression  is  that  the  fringe  structure  is  not  static  in  space,  but  may  drift.  Such 
drifts  may  result  from  the  effect  of  ionospheric  and  magnetospheric  plasma  density  irregularities 
which  move  across  the  propagation  path.  It  is  also  possible  that  the  signal  intensities  of  HAARP 
and  HIPAS  are  sufficient  to  modify  the  intervening  plasma  through  heating  and  affect  the  fringe 
pattern.  Repeating  experiments  of  this  kind  at  varying  power  levels  and  frequencies  will  help  to 
indentify  thresholds  for  possible  plasma  modifications. 


5.  Summary  and  Conclusions 

This  experiment  is  one  of  a  series  in  which  diagnostics  of  the  the  ionosphere  and  magnetosphere 
may  be  done  with  high  power  HF  transmitters  on  the  ground  in  conjunction  with  space-based 
receivers.  The  interferometric  experiment  shows  that  HAARP  and  HIPAS  can  be  used  together 
to  establish  a  structured  beam  with  known  fringe  size.  This  may  provide  a  method  to  interact 
directly  with  plasma  irregularitites  at  a  specific  scale  size.  By  using  different  frequencies  we 
obtain  different  scale  sizes  in  the  structured  beam.  By  varying  the  power  density,  we  may  expect 
that  some  new  diagnostic  capabilities  are  possible,  such  as  determining  thresholds  for 
modification.  It  is  conceivable  that  such  diagnostics  may  be  used  at  magnetospheric  altitudes  also. 
In  such  cases,  the  powerful  ground-based  transmitters  can  provide  a  new  method  of  investigating 
magnetospheric  structure. 
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Figure  Captions 


Figure  1.  The  ecliptic  plane  projection  of  the  WIND  trajectory.  The  interferometer  experiment 
was  conducted  on  31  December  1996.  Models  of  the  ecliptic  plane  intersection  of  the  bow  shock, 
magnetopause,  and  plasmapause  are  shown. 

Figure  2.  The  modulation  patterns  of  the  experiment,  showing  the  power  transmission  profiles 
of  the  HAARP  and  HIPAS,  and  the  resulting  expected  reception  pattern  at  the  WIND  spacecraft. 

Figure  3.  The  observed  signal  intensity  for  the  one-hour  duration  of  the  experiment.  The  ON- 
OFF  modulations  at  the  beginning  and  end  of  the  experiment  provide  signatures  of  the 
transmitting  sources. 

Figure  4.  Detailed  plot  of  calculated  fringe  pattern  compared  with  observed  fnnge  pattern.  At 
the  radial  distance  of  WIND,  one  fiinge  would  have  a  width  of  about  33  km.  The  basic  fringe 
structure  appears  to  be  imbedded  in  smaller  scale  irregularities. 
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WIND  Ecliptic  Plane  Trajectory 
30  December  1996  -  1  January  1997 
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